There has been considerable progress identifying pathophysiologic mechanisms of neuropathic pain, but analgesic medications with improved efficacy, safety, and tolerability still represent an unmet public health need. Numerous treatments examined in recent randomized clinical trials (RCTs) have failed to show efficacy for neuropathic pain, including treatments that had previously demonstrated efficacy. This suggests that at least some negative results reflect limited assay sensitivity of RCTs to distinguish efficacious treatments from placebo. Patient characteristics, clinical trial research designs and methods, outcome measures, approaches to data analysis, and statistical power may all play a role in accounting for difficulties in demonstrating the benefits of efficacious analgesic treatments vs placebo. The identification of specific clinical trial characteristics associated with assay sensitivity in existing data has the potential to provide an evidence-based approach to the design of analgesic clinical trials. The US Food and Drug Administration recently launched the Analgesic Clinical Trial Innovations, Opportunities, and Networks (ACTION) publicprivate partnership, which is designed to facilitate the discovery and development of analgesics with improved efficacy, safety, and tolerability for acute and chronic pain conditions. ACTION will establish a collaborative effort to prioritize research objectives, develop a standardized analgesic database platform, and conduct methodologically focused studies to increase the assay sensitivity and efficiency of analgesic clinical trials. The results of these activities have the potential to inform and accelerate the development of improved pain management interventions of all types, not just pharmacologic treatments.
Introduction
Almost 30 years ago, Peter Watson and colleagues published the first double-blind placebo-controlled randomized clinical trial (RCT) of a pharmacologic treatment for patients with neuropathic pain [1] . Since that time, a steadily increasing number of efficacious medications with diverse mechanisms of action have been identified for patients with neuropathic pain [2] [3] [4] [5] [6] . Unfortunately, these treatments have significant limitations. In placebocontrolled RCTs, approximately 50-60% of patients administered these medications experience pain reductions of Ն30%, which can be considered "moderately clinically important" [7] , with "substantial" pain reductions of Ն50% occurring in no more than 40-50% of patients. These figures demonstrate the presence of a significant public health need for treatments that would provide pain relief to larger percentages of patients with neuropathic pain (e.g., 80% of patients experiencing pain reductions of Ն30%) or that would provide greater magnitudes of relief for the patients who do respond to treatment (e.g., pain reductions of Ն75% in 40-50% of patients). Similar limitations in the treatment effect sizes of existing analgesic medications are also found for other chronic pain conditions, for example, osteoarthritis and low back pain.
In addition to limitations of efficacy, there are considerable undesirable side effects and safety risks associated with many of the available pharmacologic treatments for neuropathic pain [2] [3] [4] [5] [6] and other chronic pain conditions [8] . Consequently, there is an equally great need for treatments with greater tolerability and safety (and few or no drug interactions). Finally, because most of the RCTs that have provided evidence of the efficacy of neuropathic pain treatments have been conducted in patients with either painful diabetic peripheral neuropathy (DPN) or postherpetic neuralgia (PHN), greater attention is needed to identifying efficacious treatments for other types of peripheral neuropathic pain and for central neuropathic pain conditions, which have been studied relatively rarely [2] [3] [4] [5] [6] .
The limitations of existing pharmacologic treatments for neuropathic pain provide a compelling impetus for the development of medications with improved efficacy, safety, and tolerability. Considerable progress has occurred in understanding the pathophysiologic mechanisms of neuropathic pain [9] [10] [11] and substantial effort and resources have been devoted to the identification of novel treatments. However, success in developing improved pharmacologic treatments has been modest at best. There are many potential explanations for this [12] , including limitations of animal models of pain [13] [14] [15] and of early "proof of concept" studies in human volunteers and in neuropathic pain patients. In addition, some existing compounds may have limited or no efficacy or important safety risks, requiring the development of novel medications with different mechanisms of action. Furthermore, because it is not currently possible to identify the pathophysiologic mechanisms of pain in individual patients, treatments with mechanism(s) of action that target specific pain mechanisms cannot be studied in the subgroups of patients in whom they may be most likely to be efficacious [9] .
Highlighting these challenges in developing improved treatments for neuropathic pain is the observation that the proportion of analgesic RCTs in which medications have failed to show statistically significant superiority to placebo in patients with neuropathic pain appears to be increasing [12, 16, 17] . Several of these trials have investigated medications with well-established efficacy in the conditions that were studied [18] [19] [20] , including the US Food and Drug Administration (FDA) approved indications, which suggests that some of these results may reflect a failure of the clinical trials themselves to demonstrate analgesic effects. Because negative trials often remain unpublished [21] [22] [23] , such failures to demonstrate analgesic efficacy are probably more common than the literature would suggest, which could lead to an overestimation of the treatment effects of existing medications.
The modest progress to date in developing improved analgesics and the negative results of many recent clinical trials have not escaped the attention of FDA, which recently launched the Analgesic Clinical Trial Innovations, Opportunities, and Networks (ACTION) public-private partnership [12, 24] . The mission of this collaborative effort is to identify, prioritize, sponsor, coordinate, and promote innovative activities-with a special interest in optimizing clinical trials-that will expedite the discovery and development of improved analgesic treatments for the benefit of the public health. In the remainder of this article, we briefly review considerations that led to the development of this public health initiative and describe some of the activities it will undertake, including providing the foundation for an evidence-based approach to analgesic clinical trial design. Although our focus is on analgesic medications, many of the issues involving clinical trials are applicable to devices and other non-pharmacological interventions, including rehabilitative approaches.
The Interpretation of "Negative" Clinical Trials
Assay sensitivity is "a property of a clinical trial defined as the ability to distinguish an effective treatment from a less effective or ineffective treatment" [25] , which typically refers to establishing a statistically significant difference in favor of an active treatment vs placebo in an RCT (also termed "responsiveness to treatment effects"). Statistically significant differences for truly efficacious treatments can be considered "true positive" results, which provide the foundation for evidence-based approaches to treatment. Statistically significant differences for truly non-efficacious treatments can be considered "false positive" results. Such outcomes can reflect a chance occurrence (i.e., Type I error) as well as various biases or flaws in the design, analysis, and interpretation of the trial, which have received a great deal of attention in the literature [26] and will not be considered further in this article.
When statistically significant differences are not found, one possibility is that the active treatments are not efficacious, and that these are "true negative" results. However, it is also possible that such outcomes reflect inadequate assay sensitivity, in which case they can be considered "false negative" results. False negative outcomes have received considerably less attention in the literature than false positive results, and can reflect a chance occurrence (i.e., Type II error) as well as various patient, study, and statistical factors that could contribute to inadequate assay sensitivity.
As noted in the introduction, RCTs of analgesic medications with well-established efficacy have failed to show statistically significant superiority to placebo in conditions in which efficacy had previously been demonstrated [18] [19] [20] . The outcomes of these trials suggest that false negative results can occur in analgesic RCTs, which has major implications not only for developing improved analgesic treatments but also for clinical practice. For example, pharmacologic treatments approved by regulatory agencies and generally considered first-or second-line for the treatment of neuropathic pain [2, 3] have not shown efficacy in several neuropathic pain conditions. Specifically, two RCTs failed to show efficacy for amitriptyline [27, 28] in patients with painful HIV neuropathy, and recent trials of topical lidocaine [29] and pregabalin [30] in these patients were also negative. Similarly, there have been failures to show efficacy for nortriptyline [31] , amitriptyline [32] , and gabapentin [33] in chemotherapy-induced peripheral neuropathy, and pregabalin [34] and nortriptyline, morphine, and their combination [35] in lumbosacral radiculopathy. If these results represent a true lack of efficacy, then patients with these neuropathic pain conditions should not be treated with these medications, which may be associated with undesirable side effects, safety risks, and costs. However, if these are false negative results that reflect a lack of assay sensitivity of these RCTs, then effective treatments that could provide meaningful relief might not be considered for patients with these conditions, depriving them of potential benefits.
The explanation for failures of RCTs of efficacious analgesic treatments is currently unknown. Research designs, methodological features, patient characteristics, outcome measures, data analysis methods (including strategies for missing data), and statistical power may all play a role in accounting for difficulties in demonstrating the benefits of efficacious analgesic treatments vs placebo [12, 18, [36] [37] [38] . Perhaps the most common explanation for failed trials is the presence of greater than expected improvement in placebo groups, which could be due to multiple factors, including placebo effects, natural history, regression to the mean, and various study characteristics [39] . For this to be a valid explanation of study failure, however, whatever factors that account for increased improvement in the patients administered placebo must not contribute to a comparable increase in improvement in the patients administered active treatment, otherwise, both groups would simply show greater levels of improvement without any decrease in the group difference occurring.
Regulatory Science and the Transformation of Clinical Trials

A recent report from the Institute of Medicine (IOM), "Transforming Clinical Research in the United States:
Challenges and Opportunities" [40] discusses a number of important issues involving the performance of clinical trials, focusing on treatments for cardiovascular disease, depression, cancer, and diabetes, but having equally important implications for analgesic trials. The report documents dramatic changes that have occurred in the past three decades in the way in which clinical trials are conducted and in the types of patients who are participating in these trials, and some of these changes could have an influence on clinical trial outcomes. For example, the report emphasizes the challenges facing investigators in academic medical centers [40] , one consequence of which appears to be a decrease in the number of academic sites participating in analgesic trials and a shift to private practice sites, in which financial incentives might play a greater role (and investigator interest in and commitment to the trial may be less [40] ). Study sites are often encouraged to increase the numbers of subjects they enroll with offers of financial and other incentives, and this may alter patient selection and other study procedures. If aggressive subject enrollment contributes, for example, to the randomization of less severe or more placebo responsive patients, such practices could ultimately compromise assay sensitivity and explain the failure of some RCTs to demonstrate efficacy [41] .
The IOM report also documents the globalization of clinical trials, with the percentage of U.S. investigators in the global investigator workforce declining from 85% in 1997 to 57% in 2007 [40] . Unfortunately, little attention has been paid to the impact of national differences in health care systems, including access to health care providers, on the assay sensitivity of clinical trials; in this regard, it is interesting to note that national and regional differences in placebo group improvement have been reported in analyses of RCTs of painful DPN [42] and fibromyalgia [43] , as well as in trials of anxiety and depressive disorders [44] .
In addition to changes in investigators and sites, it is very likely that other changes have occurred in the characteristics of patients participating in analgesic trials. For example, because of the larger number of efficacious medications that are now available for neuropathic painincluding recognition of the efficacy of opioid analgesics only within the past 10 years-patients in the community who presently are willing to participate in a placebocontrolled RCT may be refractory to a large number of existing medications and may therefore be less likely to respond to a new treatment than was true in the past. It is also possible that patients currently willing to participate in analgesic trials have lower levels of symptom severity than was true in the past, a hypothesis that might also explain increasing levels of placebo group improvement over time in other therapeutic areas [45, 46] . The IOM report notes that subjects participating in RCTs of antidepressant medications for depression are often "symptomatic volunteers," that is, individuals who respond to an advertisement but who have not sought any treatment in the community, and therefore, the "clinical trial is the patient's only interaction with the treatment setting" [40] . Such individuals are likely to be quite different compared with patients receiving treatment in actual clinical practice, having fewer medical co-morbidities and possibly less severe depression. The report also describes the existence in psychiatry trials of "professional patients"-individuals who participate in multiple trials as a source of income and medication-noting the example of a 300-patient schizophrenia trial in which 30 individuals were found to have been randomized to the same study by multiple study sites [40] .
The extent to which such temporal changes in study investigators, sites, and patients are contributing to a decrease in the assay sensitivity of analgesic clinical trials is unknown. But concerns about the overall state of clinical research in the United States and the clinical trial enterprise in particular have provided the impetus for proposing the development of a clinical trial infrastructure in the United States [40] . Such an infrastructure would provide a permanent network of resources (including sites, investigators, and staff), expertise, and funding for clinical trials that would replace the ad hoc manner in which clinical trials are currently conducted. Although this proposal has much to recommend it, there are considerable obstacles to its implementation, not least of which is the availability of federal funding for such efforts.
Because progress achieving this overarching vision of a transformed clinical trial enterprise will not be rapid, initiatives that have a greater potential for shorter term accomplishments have also been proposed. Woodcock and colleagues [47] have described the FDA's Critical Path Initiative and the role of public-private partnerships in modernizing the methods by which medical treatments are developed, evaluated, manufactured, and used. They note that such a public-private partnership for pain "may be the catalyst that is needed to enhance translation of scientific opportunities into improved pain relief for chronic diseases and their associated symptoms." Emphasizing the need to improve the development process for analgesic medications, Woodcock [8] subsequently noted that research into better designs for pain trials might identify "highly effective drugs with more easily managed risks"; this could occur by increasing assay sensitivity or study efficiency, thereby making it possible for treatments with novel mechanisms of action to be made available to the public more rapidly.
With these considerations providing the context, the FDA recently announced a "Regulatory Science Initiative" [48, 49] , in which regulatory science is defined as the "science of developing new tools, standards, and approaches to assess the safety, efficacy, quality, and performance of FDA-regulated products." Importantly, the rationale, methods, and objectives of regulatory science seem to apply equally well to all treatments, not just FDAregulated products, and this endeavor could therefore be considered more generally "therapeutics development science."
The development of improved pain medications was highlighted as one of the areas in which regulatory science could have a lasting impact, and it was argued that "We are facing a global epidemic of prescription pain medicine abuse and misuse. At the same time, patients in agonizing pain are often left untreated. New pain pathways have been discovered and new medicines are being developed that can help. But to accelerate the delivery of new treatments to patients, we need to find better pain models, measurement tools (including patient-reported assessments) and clinical trial designs to enable development of effective medications with less potential for abuse [49] ."
One of the key aspects of the FDA's Regulatory Science Initiative that could accelerate the development of improved analgesics involves using clinical trial data submitted to the FDA "to address fundamental questions about patient subsets who respond in varying ways to new therapies, or for whom a drug is more or less safe [49] ." Conducting retrospective analyses of the data from completed clinical trials has the potential to provide greater knowledge of natural history and the effects of specific treatments, which could make clinical development and the evaluation of new treatments more efficient and less risky for patients [49] .
A crucial aspect of the FDA's Regulatory Science Initiative involves developing the resources to organize and analyze the numerous and typically large data sets that have been submitted to the agency [49] . This requires "data harmonization and standardization such that comparisons between data can be made effectively [49] ." The FDA is aligning with the Clinical Data Interchange Standards Consortium (CDISC) to develop such database standards, which would provide common platforms to facilitate transformation of the data from existing RCTs so that analyses could be conducted of pooled data examining the safety and efficacy of drugs, biologics, and devices. In addition, such common platforms could be used prospectively for regulatory submissions, not only increasing the efficiency of review and analysis of individual trials but also greatly facilitating pooled analyses of the data from different trials.
Consistent with the aims and objectives of the FDA's Regulatory Science Initiative, ACTION was developed to provide a collaborative framework to undertake such analyses of analgesic trials and bridge gaps in the discovery and development of safe and efficacious analgesics [12, 24] . Specific objectives of ACTION include: 1) conducting analyses of databases of publicly-available analgesic clinical trials [37, 50] and of the raw data from completed RCTs; 2) developing novel methods for analyzing analgesic trial endpoints; 3) developing a CDISCcompliant "STandardized ANalgesic DAtabase for Research, Discovery, and Submissions" (STANDARDS) for the transformation and pooling of data from different analgesic trials; and 4) establishing an ACTION public-private partnership with stakeholders from industry, academia, professional organizations, patient advocacy groups, and regulatory and other government agencies, which will provide a collaborative framework for supporting additional projects to inform analgesic development and trial design and to foster innovation in the development of improved pain treatments.
Developing an Evidence-Based Approach to Analgesic Clinical Trial Design
Recommendations for the design, analysis, and interpretation of RCTs relevant to neuropathic pain treatments have been developed by the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials [36, [51] [52] [53] [54] , the European Federation of Neurological Societies [55] , and the International Association for the Study of Pain Neuropathic Pain Special Interest Group [56] . Such recommendations provide the foundation for an evidencebased approach to the design of clinical trials [12] , in which relationships between trial characteristics and outcomes are first identified and then used in designing new trials. ACTION will focus on efforts to reduce false negative results and thereby increase assay sensitivity; however, false positive results must also be prevented to the greatest extent possible, and it is critical to ensure that efforts to reduce false negative results do not unintentionally increase the likelihood of false positive results.
In designing and potentially transforming clinical trials [40, 47, 49] , increased understanding of relationships between study methodological features (including patient characteristics) and analgesic trial assay sensitivity-for example, as assessed by standardized effect sizes [57] -could lead to improved research methods [12] . Modifications in the design of analgesic trials have the potential to reduce the likelihood of false negative results and to maximize study efficiency (e.g., by requiring smaller sample sizes). Because assay sensitivity is related to the magnitude of the separation between improvements in the active treatment and placebo groups, an evidence-based approach to clinical trial design should also include an examination of relationships between study methodological features (including patient characteristics) and placebo group responses. As noted earlier, however, assay sensitivity will only be increased if efforts to reduce placebo group response do not have an equivalent effect on responses to the active treatment.
The results of previous research [12] suggest that various patient characteristics and research methods are associated with analgesic trial assay sensitivity or placebo group responses or both. Unfortunately, relatively few studies have examined these relationships, and further research must be conducted to provide an adequate evidence base for any modification of the methodological features on analgesic RCTs. In pursuing this objective, group-level data across multiple clinical trials in large databases [37, 50] and individual trials with patient-level data considered separately and in pooled analyses will provide complementary information.
Patient, study design, and study site characteristics constitute three broad domains of factors that can be examined as potential correlates of study outcome [12] . Patient characteristics include, for example, diagnosis, pain duration, baseline pain intensity, medical and psychiatric co-morbidities, and various psychosocial factors. Study design characteristics include, for example, research design (e.g., parallel group vs crossover), study duration, outcome measures, and statistical methods. Finally, study site characteristics include, for example, sources of patient referrals, number and location of sites included in the trial, and site investigator and staff experience and incentives.
Because many of these patient, study design, and study site characteristics are associated with each other, multivariate analyses of the relationships between these factors and both assay sensitivity and placebo group improvement will need to be conducted [58, 59] . These analyses may be limited by the frequency with which the patient, design, and site factors were ascertained or reported. In addition, trial heterogeneity and representativeness, as well as the criteria used for determining trial outcomes, must all be examined carefully [54, 60] .
Methods of statistical analysis are a critically important component of the design of an RCT, and the analysis of analgesic trial data has received relatively limited attention in the pain literature. The statistical methods used to analyze the data from a trial can have a major impact on the estimated treatment effects, and one major issue involves missing data. There are many reasons for missing data in clinical trials, with as many as 30-60% of patients withdrawing from analgesic trials and failing to provide complete outcome data [18, 61] . For this reason, the choice of an approach to be used for the treatment of missing data can have a significant impact on the results. A recent IOM report recommended that imputation methods such as "last observation carried forward" and "baseline observation carried forward"-which have often been used in analgesic trials-should not be used as the primary approach to missing data unless their assumptions are scientifically justified and that analyses of existing clinical trial data should be used to determine how different models perform in different settings [62] . Existing analgesic trial data can be used for these purposes as well as to explore different approaches to the treatment of missing data caused by adverse events, inadequate pain relief, and other reasons.
Finally, despite the value of composite outcome measures for analgesic RCTs that would, for example, combine pain intensity with rescue analgesic medication usage or combine pain intensity with physical functioning, there has been very limited progress in developing such measures [51] . These types of composite measures could have greater responsiveness to treatment effects than unidimensional endpoints-perhaps because patients receiving placebo might be less likely to show improvement in such composite outcomes-and could be developed and validated in analyses of individual and pooled analgesic clinical trial data.
Future Directions
We have proposed that the foundation for an evidencebased approach to analgesic trial design can be provided by analyzing relationships between study outcomes patient, study design, and study site characteristics to identify modifiable factors associated with assay sensitivity. Although retrospective analyses of existing data can be used to generate hypotheses, causal relationships cannot be determined from such analyses, which would ideally be followed by methodologically focused trials that would prospectively examine relationships between patient and study characteristics and assay sensitivity.
There are additional approaches to improving the design of analgesic RCTs that might also increase their assay sensitivity. These include patient and staff training, which have received surprisingly little systematic attention in analgesic trials. Pharmaceutical companies, contract research organizations, and academic investigators have occasionally developed such training materials, but these have not been made publicly available, and it is unclear whether their effects on assay sensitivity have been evaluated. Moreover, the use of different approaches for training patients and staff could contribute to inconsistency among study results, but this also cannot be evaluated without information about the specific training procedures that have been used.
Clinical trial research designs that evaluate patient-based and mechanism-based approaches to pain treatment may also improve the assay sensitivity and efficiency of analgesic RCTs. These treatment approaches have the potential to increase the safety and efficacy of novel analgesics by identifying treatments that target specific pain mechanisms rather than disease etiologies [9, 47, 63, 64] . These and other advances in clinical trial design will require highly trained study staff, large numbers of patients willing to participate in clinical trials, and the development of a national and international clinical trial infrastructure, as already discussed [40] .
There is an important trade-off between increasing assay sensitivity-for example, by excluding certain patients or modifying certain study methods-and reducing the generalizability of study results. Limiting enrollment in RCTs to only certain patients could reduce the generalizability of the results to the substantially more heterogeneous patients receiving treatment in the community [65, 66] , although it is also possible that greater assay sensitivity could be associated with greater generalizability in certain circumstances. These considerations require further attention, especially with respect to the different objectives of proof-of-concept and confirmatory clinical trials and potential advantages of keeping the "balance" between assay sensitivity and generalizability relatively consistent across these different types of clinical trials.
A major component of the ACTION initiative is the development of a public-private partnership (http://www. actionppp.org) that will provide a collaborative framework to prioritize research objectives and conduct methodologically focused studies and other activities to increase the assay sensitivity and efficiency of analgesic clinical trials [12] . Although there are numerous obstacles to the development of improved analgesics we have not discussedincluding lack of validated biomarkers and surrogate endpoints, patient heterogeneity, and safety and tolerability issues [8, 67, 68 ]-these will also be a target of ACTION's efforts if prioritized by the stakeholders. It is important to emphasize that the results of all of these activities will also be relevant to the development of improved pain treatments of all types, not just pharmacologic treatments. The promise of this approach is that it will ultimately facilitate more efficient development of novel analgesic treatments and thereby improve the lives of patients with acute and chronic pain.
